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SUPPLEMENTAL MATERIAL
S1. Materials and Methods
The sample 1 consists of a single-crystalline film of the ferrimagnetic insulator
Y3Fe5O12 (YIG) (111) with the thickness of 1.3 m grown on an insulator Gd3Ga5O12
(111) single-crystalline substrate by liquid phase epitaxy. The film was deposited under
a PbO-B2O3 flux at around 1,200 K. Subsequently, 12-nm-thick Pt layer was sputtered
on the top of the YIG layer and patterned into a Hall bar. The resistivity of the Pt film is
typically 0 ~ 8.6 × 10-7 m, with the in-plane MR ratio [ ( = 0) - ( = 90 )]/ 0 ~ 2.5
× 10-4. The sample 2 (Figs. 4 g-j in the main text) consists of a 20-nm-thick YIG film
epitaxially grown by pulsed laser deposition from a polycrystalline target onto a
single-crystalline, (111)-oriented Gd3Ga5O12 substrate. The YIG growth took place in an
oxygen atmosphere at a pressure of 25 bar, using laser pulses with an energy density of
2 J/cm2 at the target, and at a substrate temperature of 550°C. The YIG thin film was
then covered in-situ, without breaking the vacuum, with a 7-nm-thick Pt film obtained
from electron beam evaporation. After removing the sample from the growth chamber,
the thin film heterostructure was patterned into Hall bar mesa structures using
photolithography and Ar ion beam milling. The resistivity of the Pt film in the sample 2
is 0 ~ 4.1 × 10-7 m, with the in-plane MR ratio ~ 6 × 10-4. The Cu layers (Figs. 3b and
3d in the main text) were fabricated by electron beam evaporation in ultra-high vacuum.
The SiO2 spacer layer of the control sample (see Fig. 3c in the main text) was fabricated
by sputtering.
All magneto-transport data were taken at room temperature, using current-bias, 4-wire
voltage measurements. The magnetic field orientation dependent data were taken with a
magnetic field large enough to align the magnetization vector along the external field.
The magnetization curve for the plain YIG film as shown in Fig. 2c in the main text was
measured by the magneto optic Kerr effect.
* These authors contributed equally to this work.
S2. Theory
Here we formulate the electron transport theory for a bilayer system consisting of a
normal metal layer (N) with the thickness Nd in contact with an insulating ferromagnet
(IF) (Fig. S1). The normal metal is treated by the spin-diffusion theory in the presence
of spin-orbit interaction [S1] with boundary conditions at the N IF interface from the
microscopic scattering theory [S2]. We focus on the longitudinal and transverse
resistances of the Pt YIG systems as a function of the magnetization direction presented
in the main text, i.e. the spin Hall magnetoresistance (SMR).
Figure S1 | The normal metal (N)|electrically insulating ferromagnet (IF) bilayer, where
ej is the electric current density in Pt.
The basic linear response relation (Ohms’s Law) in the normal metal can be described
by the following matrix relation between the driving forces, i.e. the electric field
ˆxE E x and the gradient of the spin accumulation s , and the induced currents:
SH SH SH
SH
SH
SH
ˆ ˆ ˆ1
ˆ 1 0 0 (2 )
ˆ 0 1 0 (2 )
ˆ 0 0 1 (2 )
e
sx sx
N
sy sy
szsz
j x y z E
j x e
j y e
z ej
(S1)
Here ej is the electric current and sij is the spin current polarized in the iˆ -direction.
Both vectors point in the particle flow direction and all currents are expressed in
Ampere. The spin accumulation si is polarized in the iˆ -direction. The vector product
operates on the driving forces. The phenomenological parameters are N the
electric conductivity and SH , the “spin Hall angle”.
The spin accumulation sx sy szs is the solution of the spin-diffusion equation
2
2
s
s (S2)
where sfD is the spin diffusion length expressed in terms of the (charge)
diffusion constant D and the spin-flip time sf [S3]. We assume that the system is
translationally invariant in the x - y plane, and the solution for the spin diffusion
equation reads
/ / ,z zsi i iA e B e (S3)
where zyxi ,,ˆ , and the coefficients iA and iB are determined by the boundary
conditions at the interfaces Nz d and 0z .
For SH 0 an electric current along xˆ generates a spin current in the zˆ -direction
s z
j , which leads to a spin accumulation build-up at the interfaces that is modulated by
the magnetization direction. From equation (S1), the total magnitude of the induced spin
current towards the N IF interface is the sum of the spin Hall current and the spin
diffusion current:
0
SH ˆ,2
N
z ess z
j yj
e
(S4)
where .0 xNe Ej At the interface 0z the spin current is partially absorbed by the
ferromagnet as
ˆ ˆ(0) 2
2
s
rs z
G m mj
e
(S5)
where rG is the real part of the spin mixing interface conductance [S2], while the
imaginary part may be disregarded [S4]. Equation (S5) depends on the unit vector of the
magnetization direction mˆ relative to the spin accumulation and thereby controls the
SMR. At the interface with vacuum Nz d , the spin current vanishes
0
SH ˆ( ) 02
N
N z ess z
d j yj
e
(S6)
With boundary conditions (S5) and (S6) we can solve the diffusion equation (S2). First
we consider the in-plane measurement. For an in-plane magnetization
ˆ (cos sin 0)m
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and 0sz . Substituting equations (S7) and (S8) into equation (S1), the electric current
reads (under closed circuit conditions)
ˆ ˆex eye j x j yj (S9)
in which the longitudinal (along xˆ ) and transverse (along yˆ ) electric currents are
2 2
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The observables are the longitudinal ( ) and transverse ( trans ) resistivities. Averaging
the electric currents over the film thickness z and expanding the longitudinal
resistivity to leading order in 2SH :
1
1 2
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j
E
, (S12)
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with the electric resistivity 1N N .
The angle dependence agrees perfectly with the experimental results (see Fig. 4 in the
main text). We note that a spin transfer at the interface to the FI as well as a finite
spin-flip length is necessary for a finite SMR in the present set up.
The measurements of the out-of-plane magnetization angle dependence (see the last
panel of Fig. 4 in the main text) are characterized by the angles ( ) between mˆ
and zˆ when xˆ ( yˆ ) is the rotation axis. The SMR for this configuration reads
2
0 sin , (S16)
indicating that the resistivity depends on , but not on , in agreement with
experiments.
The physical quantity for the SMR is the ratio between the change of resistivity and the
resistivity
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According to recent experimental [S5] and theoretical [S4] work the value of the
spin-mixing conductance is of the order of 14 1 210 m , while the values of the spin
diffusion length and the spin Hall angle differ largely [S6]. In Fig. S2, we plot the SMR
for a fixed mixing conductance. We observe that the experiments can be explained by a
sensible sets of transport parameters (Gr, , SH) that somewhat differ for the two
representative samples.
Figure S2 | Calculated 0 as a function of for different spin Hall angles SH with
14 1 25 10 mrG . The parameters for the Pt films used here are 12-nm-thick with resistivity
78.6 10 m for the sample 1 (solid curve) and 7-nm-thick with resistivity 4.1 × 10-7 m for
the sample 2 (dashed curve), respectively. Experimental results are shown as horizontal lines for
comparison.
S3. Analysis of the SMR signal in Pt|Cu|YIG sample
In the Pt|Cu|YIG film, the electric current flows only in the conductive Pt and Cu layers
because YIG is an insulator. The electric resistance of the metallic bilayer is roughly
described as Re RPtRCu/(RPt RCu) with RCuJPt RPtJCu, where RPt(Cu) ( Pt(Cu)/ Pt(Cu))
and JPt(Cu) [RCu(Pt)/(RPt(Cu) RCu(Pt))]Je denote the resistance of the Pt(Cu) layer and the
electric currents flowing through the Pt(Cu) layer, respectively [S7-S9]. Since the SMR
signal is generated only in the Pt layer, the measured total MR signal decreases with
increasing the thickness (or the electric conductance) of the Cu layer. In the present
system, since RCu ( Cu) is one order of magnitude smaller than RPt ( Pt), the electric
current flows mainly in the Cu layer.
Here, by using the above equivalent circuit model, we estimate the MR amplitude
generated in the Pt layer in the Pt|Cu|YIG sample. To extract it from the observed MR in
the Pt|Cu|YIG film, we assume the intrinsic MR in the Pt layer as MRint(dCu) (1 +
RPt/RCu) MR(dCu). The electric conductances of our samples (Ge 1/Re) are shown in the
inset of Fig. S3a. By using RPt 158 , we can estimate RCu. The experimentally
observed MR and MRtrans in the Pt|Cu(dCu)|YIG structures are shown in Fig. S3a.
Although the measured MR signal decreases with increasing dCu, the values of the
intrinsic MR amplitudes generated in the Pt layer, which are estimated by the formula
MRint(dCu) [1 ( Pt Cu)( Cu Pt)]MR(dCu) and inttrans CuMR ( )d [1 ( Pt Cu)( Cu Pt)]
MRtrans(dCu), remain unchanged with respect to dCu (see Fig. S3b). This is consistent
with a long spin diffusion length in the Cu layer [S10,S11] which plays a role of an
ideal spacer layer for transferring the spin accumulation (spin current) in the Pt layer to
YIG through the Cu layer [S12], and strongly supports the proposed SMR mechanism.
Figure S3 | Cu thickness dCu dependence of MR in Pt|Cu|YIG structure. a, The normalized
magnitudes of the observed MR and MRtrans in Pt|Cu|YIG system with different
dCu;
obs
CuMR MR( )/MR(0)d and
obs
transMR MRtrans (dCu)/MRtrans(0). The inset shows the
dCu dependence of the electric conductance in Pt|Cu|YIG; Ge. The gray dashed line shows the
linear fit to the data. b, The normalized magnitudes of the intrinsic MR and MRtrans generated in
the Pt layer estimated from the equivalent circuit model;
int
MR MRint(dCu)/MR(0) and
int int
trans trans Cu transMR MR ( )/MR (0)d . The gray dashed line shows the average of the data.
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